The free standing solid polymer nanocomposite (PEO-PVC)+LiPF6-TiO2 films has been prepared through standard solution cast technique. The improvement in structural, microstructural and electrochemical properties has been observed on the dispersion of nanofiller in polymer salt complex. X-Ray diffraction studies clearly reflect the formation of complex formation as no corresponding salt peak appeared in the diffractograms. The FTIR analysis suggested a clear and convincing evidence of polymer-ion, ion-ion and polymer-ion-nanofiller interaction. The highest ionic conductivity of the prepared solid polymer electrolyte films is ~5×10
inert nanofiller (Ti+2) may compete with Lewis acid Li+ for the formation of a complex with salt. These interactions result in the lowering the ion coupling, by structural modification and promote more salt dissociation for free ions. As polymer phase is the medium of transport of ions and nanofiller interaction with polymer phase affects polymer chain stiffness. Also, there may be the direct interaction of nanofiller with PEO, cation, and anion due to a higher dielectric constant of TiO2 (ɛ=85) than PEO (ɛ ~ 5) [39] . Figure   1 displays the molecular structures of the materials used in present study.
Among the nano-sized ceramic fillers explored recently, TiO2 seems to be the most promising candidate to increase the ionic conductivity due to its high Lewis-acid character as compared to other commonly used ceramic fillers (such as Al2O3, SiO2, and ZrO2). Scrosati et al., [27] also studied the PEO-LiClO4 complexes with TiO2 and Al2O3 ceramic fillers and reported that TiO2 was the best filler which exhibited the greatest enhancement in ionic conductivity. Chung et al., [40] studied the effects of TiO2, Al2O3, and SiO2 in PEOLiClO4 polymer electrolyte and identified TiO2 as the filler with the greatest enhancement in ionic conductivity due to the weak interactions between the polymer chain and the Li + ions. Although, it has been compared by taking different nano-filler of same concentration with PS complex and found that the conductivity maxima appears to be for Er2O3, but sample preparation for low concentration of Er2O3 are not so easy therefore selection of TiO2 as nano-fillers seems to be more appropriate for better study at varying concentrations and in view of optimization of nano-filler concentrations [41] . Vignarooban et al., [42] reported the enhancement of ionic conductivity of poly (ethylene oxide)-lithium trifluoromethanesulfonate (LiCF3SO3 or LiTf) based polymer electrolyte by incorporating TiO2 nano-filler.
To the best of our knowledge, there is no study available in the literature on the ionic conductivity enhancement of PEO-PVC+LiPF6 based solid polymer electrolyte on the addition of nano-sized TiO2 ceramic filler. Contextually, this is the first report with LiPF6 salt for PEO-PVC blend based solid polymer electrolyte. The present work discusses the preparation of SPE with different nanofiller content by universal solution cast technique. The structural, thermal, electrical and transport properties of polymer nanocomposites have been investigated. Finally, a self-proposed ion transport mechanism is established to support experimental data.
Experimental

Materials
All the solid polymer electrolyte (SPEs) samples were prepared by a standard solution cast technique. The
SPEs system involved the use of poly (ethylene oxide) (PEO) and poly (vinyl chloride) (PVC) with average molecular weights of 1×10 6 (Sigma-Aldrich), and 6×10 4 respectively. Salt LiPF6 and Titanium oxide (TiO2)
were acquired from Sigma-Aldrich. Anhydrous tetrahydrofuran (THF) was used as solvent purchased from Sigma-Aldrich.
Preparation of solid polymer electrolyte
All the Solid Polymer Electrolyte (SPEs) films were prepared by a standard solution cast technique reported elsewhere [7] . A snapshot of the method is shown in the flow chart/diagram ( Figure 2 ). The polyethylene oxide (PEO) was stirred in tetrahydrofuran (15 ml) for 8 hr. and then polyvinyl chloride (PVC) was added to the solution and again stirred to carry out physical blending for 10 hr. Subsequently, an optimized amount of (stoichiometric) LiPF6 (Ö/Li= 8) was added to the polymer blend and stirred mechanically for 12 h to allow homogenous mixing and complexation. Next, TiO2 nanofiller was added to the polymer salt complex solution in different x wt. % concentration (0 ≤ ≤ 20; x refers to nanofiller wt. % concentration) and stirred for 12 h. Then obtained solution was sonicated for 30 minutes for homogenous mixing of nanofiller.
The prepared polymer nanocomposite solutions were casted in petri dishes and kept at 60 °C for 24 hours in vacuum oven. Finally, the free standing polymer films were peeled off the petri dishes and stored in vacuum desiccator with silica gel to avoid any moisture content.
Characterization
X-ray diffraction (XRD) is the most useful method for investigating the structural properties and crystallinity of the polymer matrix. The X-ray diffraction was recorded with Cu-Kα radiation (λ=1.54 Å) in the Braggs angle range (2θ) from 10° to 60° with a scan rate of 2° per minute. Field emission scanning electron microscopy (FESEM) was used to study the surface morphology (FESEM: Carl Zeiss product) and taken in a high vacuum after sputtering the samples with gold to prepare conductive surfaces. The Fourier transforms infrared (FTIR) spectra were recorded using the Bruker Tensor 27 (Model: NEXUS -870) in absorbance mode over the wavenumber region from 600 to 4000 cm -1 with a resolution of 4 cm -1 . FTIR is performed to probe the presence of microscopic interactions between polymer-ion, ion-ion and polymerion-nanofiller. The electrical conductivity of the solid polymer electrolyte films was evaluated out using Electrochemical Analyzer (CHI 760; USA) over the frequency range from 1 Hz to 1 MHz at a signal level of 10 mV by sandwiching SPE between two stainless steel (SS) electrodes at room temperature. The intercept between the semi-circle at high frequency and tilted spike at low frequency were taken as the bulk resistance (Rb). The ionic conductivity (σ) value was obtained using equation 1:
Where t is thickness (cm) of polymer film, Rb is bulk resistance () and A is area (cm 2 ) of working electrode. The real (Z′) and imaginary (Z′′) parts of the complex impedance were used to calculate the real (ε′), imaginary (ε′′) parts of permittivity and ac conductivity (σac).The total ionic transference number ( ) was obtained by sandwiching polymer electrolyte film between stainless steel (SS) blocking electrodes and a fixed dc volateg of 0.05 V was applied across the SS|SPE|SS cell. Ion transference numbers of the solid polymer electrolytes was evaluated using equation 2 on SS|SPE|SS cell:
It and Ie are the total and residual current respectively.
The linear sweep voltammetrey (LSV) was characterized to obtain the working volatge window of the electrolyte. Thermal stability of the synthesized SPE films was investigated using thermo-gravimetric analysis (TGA -SHIMDZU-DTG-60H) under dynamic temperature conditions from 30 °C to 600 °C, in a controlled nitrogen atmosphere at a constant heating scan rate of 10 °C min -1 . Differential scanning calorimetry (DSC) measurements were performed to find the glass transition temperature and crystallnity of all SPEs with a heating rate of 10 °C min -1 from -100 to 100 o C under N2/Ar atmosphere (DSC-Sirius 3500). SPEs films with the weight of 8-10 mg were sealed in aluminum pans, and an empty aluminum pan was used as a reference. [43] . The above inspection shows the presence of multiphase character consisting of both crystalline and amorphous nature. In contrast, the addition of salt (LiPF6) to the polymer blend shows a shift in peaks toward lower angle side 18.67° and 23.26°. Also, the peak intensity decreases which suggest the reduction in the crystallinity of the polymer blend [44] . It may be due to the strong interaction of cation (Li + ) with electron rich ether group of polymer host. It concludes that amorphous phase is enhanced by accommodation of the lithium ion (Li + ) in the polymer backbone. Above analysis is also in correlation with correlation given by Hodge et al, [45] between the degree of crystallinity and peak intensity, which states that higher crystallinity is associated with greater peak intensity. The absence of peak corresponding to LiPF6 reveals complete dissociation of the salt in the blend polymer electrolyte (BPE). Besides these crystalline peaks, the broad hump near 25° is also observed, and it arises from the amorphous phase of the PVC [46] [47] . The sharpness of diffraction peaks corresponding to PVC is same in all samples which suggest that salt interacts with PEO and amorphous phase formation occurs due to disruption of crystalline chain arrangement. The addition of nanofiller has brought noticeable changes in the peaks with a shift in position and broadening. The XRD pattern of TiO2 added SPE (Fig 3 c-h [44] .The strong diffraction peaks at 2θ =25.4°, 48° confirms the TiO2 anatase structure and absence of broad diffraction peak on the addition of nanofiller evidence the modification in the polymer salt matrix.
Results
X-ray diffraction (XRD) analysis
The d-spacing between the diffraction planes was obtained using the Bragg's formula 2dsin=nλ, crystallite size L of PEO crystallines from Sherrer's equation L=0.94λ/β cos and interchain separation (R) using the equation R=5λ/8sin and determined values are shown in Table 1 . It is found that the Basal spacing, crystallite size change with the addition of the nanofiller and may be attributed to the polymer-ion-nanofiller interaction. The increase of interchain separation (R) evidences the increase of the amorphous content or free volume after addition of the nanofiller due to nanofiller interaction with the polymer chains. This increase of the free volume promotes the faster ion migration due to the faster segmental motion of the polymer chains. Addition of nanofiller makes the polymer chains more flexible by reducing the covalent binding between the polymer chains and which leads to the faster polymer chain segmental motion.
The disappearance of some small intensity peaks in polymer matrix suggests the presence of strong interaction between polymer-salt and nanofiller. The TiO2 nanofiller based SPEs also displays a slight shift compared to polymer salt complex and polymer blend which is evidence of amorphous phase formation and coordinating interaction between a surface group of nanofiller and polymer host. The above coordinating interaction increases the polymer segmental motion or polymer flexibility which supports fast ion transport and directly evidences increase of ionic mobility and hence ionic conductivity.
Field Emission Scanning Electron Microscope (FESEM) Analysis
The electrical properties of SPEs films are completely associated with the surface morphology and a smoother, more dense film often facilitate faster transport of ions since it will be more ordered and less porous. To understand the role of salt and nanofiller on surface properties, specific efforts have been made to observe the morphologies of the blended polymer electrolyte system using FESEM. EDX mapping is an appropriate tool to study the nanofiller dispersion inside the polymer electrolyte system. FESEM/EDS mapping was also implemented to investigate the presence and distribution of the nanofiller in the polymer matrix. The distribution of Ti atoms was visualized by the EDS elemental mapping of Ti atoms. As expected, the uniform distribution was obtained from nanofiller content, and some agglomeration was observed for high nanofiller content. As can be seen in Figure 5 that polymer matrix with 7 wt. %
nanofiller content in EDS mapping shows uniform/homogenous distribution over the whole surface as indicated by red color and this indicates that the TiO2 particles were well dispersed in polymer matrix. All the three figures show the almost identical mapping of the Ti, which reveals that nanofiller is mixed properly in the polymer matrix. In addition, it is remarkable that the resulting TiO2 added SPE membrane is semitransparent and free standing (Figure 2 ).
Fourier Transform Infrared (FTIR) Analysis
FTIR has been proven to be highly effective for investing various interactions such as polymer ion interaction, ion-ion interaction and polymer ion filler interaction. FTIR also confirm the presence of complex formation and demonstrates interaction among different constituents of the polymer matrix.
Absorption changes the frequency of stretching and deforming vibrations of these groups and band shift occurs w.r.t wavenumber, which provides direct evidence of interaction occurring in polymer matrix system by addition of nanofiller. Figure 6 shows the FTIR absorbance spectra of (PEO-PVC)-LIPF6 + x wt. % TiO2 (0≤ ≤ 20) based system in the wavenumber region 600-3000 cm -1 and band assignment is shown in [20, 51] . A peak was observed at 1060 cm -1 in PEO-PVC blend associated with the crystalline structure and peak intensity decreases after addition of salt (Fig 6 b) . Further addition of nanofiller demonstrates that it gets disappeared indicating the reduction in crystallinity (Fig 6 c-h ) [52] . In the observed spectra, there are no distinct bands corresponding to TiO2 nanofiller. Any interaction of (PF6 -) anion changes its symmetry from Oh point group to C3ʋ or C2ʋand changes in absorption mode of polymer matrix are evidence in FTIR spectrum between 600 cm -1 to 1500 cm -1 . The effect of the nanofiller on the peak pattern in terms of asymmetry and peak position has been recorded in the Table 2 .
Polymer-ion interaction
The characteristic absorption peak of host polymer PEO near 1110 cm -1 is attributed to C-O-C symmetric stretching mode involving ether oxygen of PEO and provides direct evidence of complexation owing to the interaction of ether group of the polymer chain with action ( Figure 7 ). Table 2 
, and changes are evidenced regarding the shift in peak. Also, the profile of C-H stretching mode near 951 cm -1 in polymer blend shifts to higher wavenumber side on the addition of salt, suggesting the firm interaction of the polymer with cation. The correlation with electrical conductivity and study of more interaction on the addition of nanofiller is described in later section.
ion-ion interaction
The standard internal vibrational mode of PF6 -anion in SPEs films have been observed in wavenumber region 820-860 cm -1 and this demonstrates asymmetry in peak as clearly visible in polymer salt film ( Figure   8 a). This asymmetry in ʋ3(t1u) mode is the result of degeneracy (Oh → C3ʋ) arising due to the simultaneous presence of more than two components i.e. free ion, ion pairs and is confirmed by ion-ion interaction. This causes a change in free anion area of the nanofiller based system as compared to the polymer salt system. The deconvoluted pattern of SPE films with different filler concentration is displayed in figure 8 . The deconvoluted pattern appearing in PS film shows two distinct peaks one at lower wavenumber and other at high wavenumber. It is general convention that peak at lower wavenumber is assigned to free PF 6 − anions which do not directly interact with the lithium cations and at higher wavenumber is due to Li + − PF 6 − contact ion pairs [53] . In the case of PS film (Figure8 a), free ion peak is located at 835 cm -1 and ion pair at 847 cm -1 owing to the peak asymmetry. The deconvoluted pattern for SPEs depicts changing the profile of free ion and ion pair peak in terms of change and shift in position with the addition of nanofiller [54] .
A comparison of free ion area and ion pair area from Table 3 shows relatively higher free ion area for 7 and 15 wt. %. This increase in area may be attributed to release of more free charge carriers from anion PF6 -and it shows the presence of the strong interaction of nanofiller with salt. The increase in free anion concentration results in the movement in free cation concentration which does not reflect in the mid-IR region. The decrease in free anion area at high nanofiller content may be due to trapping of cation in nanofiller clusters and blockage of conduction path provided by polymer chains [55] . A high degree of ionic dissociation is achieved for 7 and 15 wt. % nanofiller content. It suggests, that the extent of interaction of the lithium cations and the −Ö−groups provide more successful hopping and coordinating sites to the lithium cations, resulting in an enhancement of the number of free charge carriers. In the next section, more probable interactions with the nanofiller addition such as polymer-ion-nanofiller are elaborated.
Polymer ion-nanofiller interaction
The effect of nanofiller addition in polymer salt complex results in a change in band profile of polymer matrix. Also, the effect of nanofiller is seen on the polymer-ion and ion-ion interaction in SPE films. Figure   9 shows the FTIR spectra in wavenumber range 1240 cm -1 to 1480 cm - occurring between polymer ion and polymer ion interaction are evidenced [36, 56] . [4] . This change in wavenumber results in a change in bond length and confirms the complex formation in solid polymer electrolyte films [57, 58] . The CH2 wagging mode of PEO located at 1350 cm -1 is shifted to 1349 cm -1 on the addition of salt. The effect of nanofiller was observed on vibration modes in FTIR spectra in terms of decrease in intensity of absorption peaks and broadening with shifting in band profile. The change in the frequency, broadening and intensity depends on the interactions of the polymer matrix with filler and surrounding in polymer nanocomposite films [51] .
Another interesting IR frequency region is from 2800 cm -1 to 3000 cm -1 which correspond to the symmetric and asymmetric stretching mode of CH2. The single peak is observed in figure 10 and presence of asymmetry confirms the presence of two peaks in this region. This is deconvoluted into two peaks at 2885 cm -1 and 2910 cm -1 shown in Figure 10 . The former arises from the symmetric stretching (ν (CH2)s) mode, and later one is due to asymmetric stretching (ν(CH2)a) mode . However, band splitting is obtained ( figure   10 ) into two bands one near 2880 cm -1 and another near 2910 cm -1 corresponding to symmetric CH2 stretching (ν(CH2)s), asymmetric CH2 stretching (ν(CH2)a) respectively. On addition of salt, both symmetric and asymmetric stretching mode shift their position indicating evidence of the interaction of salt with polymer host.
The deconvolution of the peak is done to get the original peaks in given wavenumber range by Voigt Amp provide evidence of chain stiffening. This is further studied in the following section and is correlated with electrical properties.
Differential scanning calorimetry (DSC) analysis
DSC was implemented for confirming the increase of electrical conductivity which is due to increase of free ions and decrease of crystallinity. . Also, the area under the peak decreases which depicts the decrease of crystallinity in the polymer electrolyte. As polymer crystallinity is hindered due to coordinating interaction of polymer chain with cation. This lowering of the melting temperature and melting peak area is strong evidence of enhanced amorphous content. Also, the enthalpy of melting and melting temperature follows the same trend with the addition of the nanofiller at lower content and this type of trend evidence the increased polymer chain flexibility and ion mobility [60] . The area under the melting curve was used to calculate the degree of crystallinity and glass transition temperature alongwith melting temperature of SPEs are summarized in Table 4 . It may be concluded that addition of nanofiller decrease the crystallinity and is due to surface interaction provided by nanofiller with polymer host and the lithium salt. the increase in conductivity due to the increase of polymer flexibility ( Table 4) . As nanofiller with high surface area weakens the interaction of cation with the ether group and supports the fast ion migration via the additional conducting pathways provided by the nanofiller surface. The Tg corresponding to PVC is not observed, and it may be due to overlapping of the peak with melting peak of PEO. So, the presence of single glass transition temperature and a shift in glass transition temperature of PEO for polymer blends confirms better miscibility of both polymers [61] [62] . The polymer miscibility is due to the presence of strong intermolecular interactions like hydrogen bonding, between the chlorine atoms of PVC with PEO, having non-bonded electrons, like oxygen. The presence of strong interaction reduces the Gibbs free energy which is an indication of homogenous mixing of polymers [63] [64] . Next section further correlates the DSC parameters with electrical properties.
Complex Impedance Spectroscopy (CIS) Analysis
Complex Impedance spectroscopy (CIS) is a powerful tool for investigating the electrical properties of materials and motion of bound/mobile ion charges in the solid or liquid materials using a small signal (~ 50 mV) in the frequency domain from 1 Hz to 1 MHz. The principle of the impedance spectroscopy is based on the ability of a medium to pass an alternating electrical current. When an alternating electric field is applied across the sample, dipoles interaction with the corresponding ions due to the Coulomb electric force leads to rearrangement depending on the mobility of backbone (Li + ) [53] . The experimental impedance response, when fitted using non-linear least squares (NLS) model by means of a computer program (ZSimpWin), agrees well with the corresponding theoretical pattern suggesting validity of the experimental results and an equivalent circuit is proposed to interpret the complex impedance spectra blocking electrode. The disappearance of the semicircular region in the impedance spectra after addition of nanofiller leads the conclusion that total conductivity is due to conduction of fast ion charge migration, so only diffusion process takes place [72] [73] [74] [75] . This also indicates that conduction is now supported by The parameters recorded in Table 5 
Electrical Conductivity Analysis
To investigate the effect of nanofiller on polymer blend different content of nanofiller were added to prepare the electrolyte. So, for electrical conductivity measurements using two blocking electrodes, comprising of SS|SPE|SS the equation 1 is used. The ionic conductivity of polymer blend was 3.3 ×10 -8 S cm -1 . The electrical conductivity increases with the addition of salt due to the availability of ions for migration and is a common feature of polymer electrolytes. Initially, at low nanofiller content, there is a small increase in conductivity value but with the addition of nanofiller increase is more due to release of more free ions via interaction of nanofiller-polymer-ion. Further, the addition of nanofiller enhances the salt dissociation and continues increase is seen [79] . The maximum value of conductivity was obtained for 7 wt. % nanofiller (~ 5×10 -5 S cm -1
) which was three orders higher than polymer blend and attributed to the complete dissociation of salt in the system as directed by the FTIR spectra. Also, the maximum conductivity value may be correlated with the structure of the SPEs including the uniform distribution of the nanofiller in the polymer salt matrix as seen by FESEM and EDS mapping. The addition of nanofiller also makes polymer chain flexible which results in fast segmental motion and increase in conductivity is observed. The characteristic conductivity variation with different nanofiller agrees well with the nanofiller dependent changes in the fraction of the free anion in the SPEs system. Further, to support investigated results correlation of various critical parameters of electrical transport was done, and a model is proposed in a later section.
Dielectric Spectroscopy Analysis
Complex permittivity analysis
Dielectric analysis of solid polymer electrolyte materials is desirable to investigate in detail the transport of ion and are explained in terms of the real and imaginary parts of complex permittivity (ε * ). The dielectric permittivity describes the polarizing ability of material in the presence of an applied external electric field.
As permittivity is a function of frequency, so it is a complex quantity shown below:
The real part of dielectric permittivity (ε′) is proportional to the capacitance and measures the alignment of dipoles, whereas the imaginary part of dielectric permittivity (ε′′) is proportional to conductance and represents the energy required to align the dipoles. Here ε' is related to the stored energy within the medium and ε′′ to the dielectric energy loss of energy within the medium. The real (ε ′ ) and imaginary (ε ′′ ) parts of the dielectric permittivity are evaluated using the impedance data by Eqn 6 & 7:
Where Co (=εr.A/t) is the vacuum capacitance, εr is the permittivity of free space and ω is the angular frequency. Figures 13 (a & b) shows the recorded dielectric constant (ε′) and dielectric loss (ε′′) as a function of frequency with different nanofiller. From the plot, it is seen that ε′ decreases with the increase of frequency for all the systems and reach steady state near 10 kHz for all samples. Moreover, both values are higher at low frequency and decrease with the increase in frequency, and that indicates polarization effects due to charge carriers near electrodes and also due to the dipoles which do not begin to follow the field variation at higher frequencies [80] [81] [82] [83] [84] . The incorporation of nanofiller increases the dielectric constant since the growth of a number of charge carriers occurs and enhanced ion mobility is achieved. The dielectric constant is higher for 7 wt. % nanofiller content which is in close agreement with conductivity data and supports the present investigation of fast solid state ionic conductor. The low-frequency response is coined by electrode polarization effect which is due to the formation of electric double layer capacitances due to free charge build up at the electrolyte/electrode interface. While the higher frequency region restricts dipoles contributing to electrode polarization due to insufficient response time on the application of electric field and dielectric constant decreases (ε′). Figure 13 (b) shows the tremendous value of dielectric loss (ε′′) towards the low-frequency region and may be attributed to the accumulation of free charge carrier at electrode/electrolyte interface because in this region charge carriers get sufficient time to accumulate at electrode/electrolyte interface and contribute to the large dielectric loss.
ac conductivity analysis
The AC electrical measurements (ac conductivity) of PEO-PVC based solid polymer electrolyte were obtained at a frequency range from 1 Hz to 1 MHz at room temperature. The frequency variation of real part of conductivity is shown in Figure 13 (c). The standard feature indicates that ac conductivity increases with increasing the applied frequency due to fast ion migration which may be attributed to increased number of the mobile charge carrier's and results in charge build or electrode polarization (EP). The frequency dependent real part of conductivity shows three distinct regions, (i) low-frequency dispersion region, (ii) frequency independent plateau region and (iii) high-frequency dispersive region. The low conductivity value at the low-frequency dispersion region is the result of the accumulation of ions (electrode polarization) due to the slow periodic reversal of the electric field. The intermediate region at slightly higher frequency corresponds to the frequency independent plateau region, and dc conductivity can be evaluated from here. At the high-frequency window, the region is due to short range ion transport associated with ac conductivity. Polymer blend and polymer salt system shows all the three regions, but the low-frequency region disappears with the addition of salt and nanofiller. All system shows a shift in both intermediate frequency region and high-frequency region towards high frequency window. The dc conduction is attributed to random hopping of ions between localized states, while the cause of AC conduction is correlated ion hopping in high frequencies region. For all nanofiller, dispersed polymer electrolytes ( Figure   13 c), high-frequency dispersion region corresponds to bulk relaxation phenomena and falls outside the measured frequency range hence, could not be observed. This observation is indicative of complexion transport process possibly due to the combined effect of space charge polarization (electrode polarization at the electrode-electrolyte interface) at low frequency followed by long-range ion migration at high frequency [81] . AC conductivity is evaluated by equation 8:
Where is the angular frequency, ε o is the dielectric permittivity of the free space and ε " represents the dielectric loss.
The conductivity of polymer blend is very low as observed in figure 13 (c) and is due to electrode polarization effect causing a decrease in a number of free charge carriers. The addition of salt shifts the curve toward high-frequency region which is evidenced by an increase in conductivity. The electrode polarization contribution in conductivity is clearly observed by the high dispersive effect which is typical to a fast ion conductor and saturation limit of electrode polarization effect, evidence change in the mechanism of ion migration. The high frequency dispersive region observed in polymer blend and polymer salt system follows universal Jonscher's power law (JPL) response given by ′ = + ω , where and fractional exponent (n). Value of n between 0.5 and 1 suggests that SPE system is a true ionic conductor.
The power law behavior is a universal property of materials.
Transference Number Analysis
The transference number of an ion in SPE is the fraction of the total current carried by the respective ion across a given medium. As, different ions have different mobility's and may bring drastically different portions of the total current [85] . The total active ionic transference number of SPEs has been studied by separation of ion and electronic contribution. The variation of current as a function of time for the PS film and SPE films with varying nanofiller concentration (x wt. % TiO2; 0 ≤ ≤ 20 ) at room temperature is recorded as shown in Figure 14 .
The current decays immediately and asymptotically approach steady state. The pattern shows two current one is the initial current, total current (it) and after that, there is a sharp drop in the value of current with the passage of time. After some time current reaches to saturated value and same trend of constant current is obtained for all the samples. The two processes of migration of ions under the influence of an external field and diffusion due to concentration gradients are hostile, and therefore after sufficiently long time, the establishment of steady state is reached [17] . Initially in SPE membrane high current is attributed to migration of both electrons and ions while current after cell polarization due to blocking electrodes (SS) is attributed to movement of electrons only, known as the residual electronic current (ie). The initial decrease in current until the saturation state is primarily due to the formation of the passivation layer on electrodes.
Now concentration gradient of ions develops and opposes the applied current by diffusion of ions. As the polarization builds up because of the applied voltage, the ions were blocked at the blocking electrode there by preventing the ionic current (iion), and the last current comprises only the electronic current (ie) [86] . The high value of transference number also indicates a reduction in concentration polarization. This improves the ionic transport, and after a long time, the presence of the steady state evidences the current flow only due to the migration of Li + cations in the electrolyte and anion movement has been entirely ceased [87] [88] .
The estimated value of the ionic transport number (tion) using experimental data of it and ie is obatined with the eq. (2) and given in Table 6 . Further ionic and electronic conductivity contribution is estimated using equation 9-11.
Therefore σ ionic = σ electrical × t ion (10) σ electronic = σ electrical × t electronic (11) The transference number values clearly indicate that the SPE samples are a chiefly ionic conductor with tion≈ 0.99 and negligible electronic contribution and is sufficient to fulfill the requirement of solid state electrochemical cells [89] [90] . The ionic conductivity and electronic conductivity are also in absolute correlation with electrical conductivity value. Beside this, the electronic conductivity is almost within the desired limit (≤10 −7 S cm −1 ) for its utility in energy storage devices.
Electrochemical Stability Window
A wide electrochemical stability window of the electrolyte is an important parameter for the effective performance of energy storage/conversion devices. The working voltage or electrochemically stability window of the SPEs membranes has been studied by observing the variation of current and voltage (I & V)
using LSV technique ( Figure 15 ) for PS films and SPE films with nanofiller. Initially, there is almost constant current through the electrodes up to 2 V, while after that with an increase of the voltage there is a slow increase in current followed by an abrupt change corresponding to the onset of the decomposition process of the electrolyte. This small current upto 2 V might be attributed to the change of the stainless steel surface. This kind of behavior is different from both PS and SPE films and provides direct evidence of enhancement in working voltage or electrochemically stability window after addition of nanofiller as compared to PS films. The voltage value is obtained by extrapolating the higher voltage linear current with the x-axis. During the LSV, the working electrode is polarized, and the onset of the current may be taken as the decomposition voltage of the given polymer electrolyte [91] . The addition of nanofiller in PS films
gives a safe operating range with the majority of the lithium battery electrode couples [7] . A comparison of this with PS films indicates an enhancement in voltage window in SPE films (2.8V to ~3.5 V) with a maximum value of ~3.5 V. Of course, the voltage stability window enhancement appears to be a function of wt. % of nanofiller evident from the results.
Thermo-gravimetric analysis
Now, the thermal stability of the prepared polymer nanocomposite films is investigated by TGA. As during operation of a battery device especially in electric vehicles, high temperature may reach which may decompose the constituents of the polymer electrolyte and may lead to explosion [92] . So, it becomes the principal responsibility to investigate the thermal stability of the materials used in the system. Figure 16 represents the thermo-grams of PEO-PVC blend and PEO-PVC+LiPF6 with 0 wt. % TiO2, 7 wt. % TiO2 and 15 wt. % TiO2. For better in sights thermo-gram is divided into three regions depending on the weight loss.
In the region 1 initially, a small weight loss is observed and that may be due to the evaporation of the solvent present in the skeleton of the films. PEO-PVC blend with salt shows a reduction in thermal stability as compared to the PEO-PVC blend and it may be due to more aprotic solvent absorbed by the salt. Also the coordinating interaction between the cation and ether group affects the thermal stability of polymer salt complex. While, the addition of nanofiller indicates a reduction of solvent content and better thermal stability is observed as compared to the polymer salt system. As dispersion of nanofiller alters the interaction between polymer chain and a cation that leads to the creation of some new interaction between the nanofiller and cation which affects the thermal stability. Now, in region 2 PEO-PVC blend shows rapid weight loss (apprx. 70 %), while the addition of salt prevents the rapid loss and thermal stability is improved. This may be attributed to the cation coordination with the ether group of the polymer chains.
This may be due to the breakage of weak interaction and materials starts decomposing. While, for polymer salt system with nanofiller, thermal stability curve shifts right side or thermal stability is improved. All films are and thermally stable up to apprx. 300 °C and is considerable for application purpose. This multistep process of weight loss indicates that the present system is blend polymer electrolyte. In the region 3, the polymer matrix constituents start to degrade and weight loss is maximum. But, the solid polymer electrolyte cannot be completely decomposed even when the temperature reaches to 600 °C. All films are thermally stable up to apprx. 300 °C and is enough to fulfill the demand of electrolyte in energy storage/conversion devices.
Correlation of free ions area (%), , σdc, n, , D, Tg ( o C), Tm ( o C), ΔHm (J/g) and Xc (%)
The electrical conductivity value of solid polymer electrolyte films is directly linked with number of free charge carriers and mobility as in given equation 12:
Where n is a fraction of free ion, q is an anionic charge, and µ is mobility of ions. As q and µ are constant for a particular matrix, so conductivity only depends on the number of free charge carriers as studied in followed section [81] . An excellent correlation of maxima in a fraction of free ion, double layer capacitance, and conductivity with nanofiller content is in support of our scheme (Figure 17 a-c). The increase in ionic conductivity may be attributed to the existence of an amorphous layer with nanofiller on a surface having a surface group which provides channels for ion transport. The electrical conductivity calculated for different nanofiller content is plotted in Figure 17 d. Double layer capacitance is calculated using equation
13 and is shown in Table 5 . As nanofiller concentration increases, a number of free charge carriers are available for conduction, and this leads to increase in capacitance value.
……….. (13)
A comparison of conductivity value suggests an enhancement in conductivity after addition of small content of nanofiller 1 wt. % in polymer salt matrix. This may be attributed to release of more free charge carriers due to polymer-ion-nanofiller interaction. The fraction of the free anions increases initially with the addition of even a small quantity of nanofiller and shows a maximum of ∼7 wt. %, followed by a downward trend.
Another maximum appears at∼15 wt. % of nanofiller particles, followed by a decreasing trend. This two maxima trend can be correlated with the fraction of free ions, double layer capacitance, the number density of charge carriers, mobility and diffusion coefficients observed in FTIR and impedance study discussed The desirable property of a solid polymer electrolyte is high ionic conductivity (σ) which is directly linked with number density (n), mobility ( ) of charge carriers and diffusion coefficient (D) for any plastic separator stands for electrolyte cum separator. As from conductivity analysis it is concluded that conductivity increases with addition of salt in polymer blend and further addition of nanofiller leads to enhancement with two maxima one at 7 wt. % followed by 15 wt. % and is due to the increase of mobility or number density of charge carriers. The mobility (( ) of ions indicates the degree of ease with which ions pass through media on application of external electrical field and the diffusivity (D) represents the ease with which ions pass through media under a concentration gradient. Both parameters depend on the number of free charges as ion pair formation or association may reduce the above number and mobility. Impedance and FTIR study provides direct calculation of number density of mobile ions and their mobility for performance and development of a good solid polymer electrolyte. Here the above parameters are calculated using the FTIR spectroscopy as proposed by Arof et al., [94] . The variation in conductivity can be related to the number density (n), mobility ( ) and diffusion coefficient (D) of charge carriers in the electrolyte.
FTIR deconvolution was done to determine the percentage area of free ion and ion pair and the areas are plotted as a function of various nanofiller (Figure 8 ). The free ion area increases with addition of nanofiller and first maxima at 7 wt. % followed by another at 15 wt. % as shown in Figure 17 c. The number density (n), mobility ( ) and diffusion coefficient (D) of the mobile ions was calculated using following eqn (14)- (16):
In Eqn (14), M is the number of moles of salt used in each electrolyte, NA is Avogadro's number (6.02×10 ) and T is the absolute temperature in eqn 16. Table 7 lists the values of VTotal, free ions (%), n, , D obtained using the FTIR method [94] [95] . It is observed that the ionic conductivity is closely related to the number density of mobile charge carriers, double layer capacitance, mobility, and diffusion coefficient (Figure 17 a, e, j). Figure 17 reveals the one-to-one correspondence between free ion area (%), ionic conductivity (σ), charge carrier number density (n), charge carrier mobility ( ) and diffusion coefficient (D). The thermal parameters Tg, Tm obtained from DSC analysis indicates that addition of nanofiller suppresses the polymer chain recrystallization tendency which directly confirms the increase of free volume or amorphous phase content at a lower temperature than polymer blend Tg and Tm ( Figure 17 h-i). At very high nanofiller content crystallinity shows a slight increase which is due to the negligible effect of nanofiller on polymer chain and may be attributed to the mutual interaction of nanofiller particles which dominates above the polymer-ionnanofiller interaction. This result is also in good agreement with the associated FTIR ion-ion interaction and conductivity studies. The trend in variation in free ions area (%), conductivity, double layer capacitance, n, and D, is almost identical. Above results are strongly in favor of desirable SPEs for energy storage devices with the evidence provided by the FTIR and impedance analysis.
Self-Proposed Ion Transport Mechanism
The results and their analysis described above enable us to propose a model to explain the strong dependence of the ion conductivity of the PNC films on nanofiller concentration. On the basis of above data obtained by FTIR spectroscopy on polymer-ion-nanofiller interaction and excellent correlation with double layer capacitance (C dl ), conductivity, number density (n), mobility (μ) and diffusion coefficient (D) have provoked us to analyze and propose a model which can provide better insight toward the improvement of conductivity in the present study. Generally, when the lithium salt is added to polymer electrolyte system, then anion stay bound with the polymer chain while cation gets coordinated with ether group of the host polymer. This electron rich group provides a path for ion migration in the polymer matrix. When nanofiller is added in the polymer salt system, then there are two means by which it can affect the ionic transport or conductivity: (i) direct interaction of cation with nanofiller surface, (ii) interaction of nanofiller surface with a polymer chain. These above said ways leads to various possibilities for interaction: (i) cation coordination with ether group (Fig 18 a) , (ii) direct interaction of anion with nanofiller via hydrogen bond (Fig 18 c) ,
(iii) weak interactions of basic site of nanofiller with methylene group of polymer (Fig 18 d) , (iv) acidic site interaction of nanofiller with ether group via hydrogen bonding (Fig 18 e) , (v) strong interactions of basic site of nanofiller with cation (Fig 18 f) .
Accordingly, in the present study, the first maxima observed at low nanofiller content is possibly due to the dissociation of free ions by nanofiller interaction with an anion via hydrogen bonding (Figure 19 a) . The interaction between anion and nanofiller dominates at lower nanofiller content and anions can be held on the nanofiller surface, and cation easily migrates via the path provided by polymer chain. The first maxima may also, be linked to the formation of additional space charge region between polymer and nanofiller interface in solid polymer electrolyte due to acidic nature of TiO2 nanofiller. Initially, the affinity for anions is more toward nanofiller surface than the cation.
The acidic nature of nanofiller obstructs ion pairing due to the interaction of TiO2 with PF6 -(TiO2+PF6 -↔TiO2:PF6 -) and a local electric field is formed which assist in salt dissociation. As overall dielectric constant of the polymer matrix is also higher for 7 wt. % nanofiller content and is most efficient for conduction of lithium ions discussed above in dielectric analysis (Figure 13 a) . Further, the double layer capacitance also followed the same trend as of conductivity maxima for 7 wt. % nanofiller. This enhancement in conductivity also enhances the mobility and diffusion coefficient of cation in SPE system as shown in Figure 17 e & j. The decreasing trend in conductivity pattern for high nanofiller content is due to the increased ability of ion pairing, as nanofiller also interacts weakly with ether group, hence salt is not dissociated properly. This reduces the free ion charge carrier concentration, and conductivity enhancement is prohibited or lowering of ion mobility (Figure 17 j) . The reduction in conductivity value after first maxima may be due to the formation of ion pairs (Figure 19 d) 0.72 Table 6 . Different contributions of electrical conductivity and transport number for (PEO-PVC)-LIPF6+ x wt. % TiO2 (0≤ ≤ 20). Table 7 . The values of VTotal, free ions (%), n, , D obtained using the FTIR method. 
